The permanent ice cover of Lake Vida (Antarctica) encapsulates an extreme cryogenic brine ecosystem (−13°C; salinity, 200). This aphotic ecosystem is anoxic and consists of a slightly acidic (pH 6.2) sodium chloride-dominated brine. Expeditions in 2005 and 2010 were conducted to investigate the biogeochemistry of Lake Vida's brine system. A phylogenetically diverse and metabolically active Bacteria dominated microbial assemblage was observed in the brine. These bacteria live under very high levels of reduced metals, ammonia, molecular hydrogen (H 2 ), and dissolved organic carbon, as well as high concentrations of oxidized species of nitrogen (i.e., supersaturated nitrous oxide and ∼1 mmol·L −1 nitrate) and sulfur (as sulfate). The existence of this system, with active biota, and a suite of reduced as well as oxidized compounds, is unusual given the millennial scale of its isolation from external sources of energy. The geochemistry of the brine suggests that abiotic brine-rock reactions may occur in this system and that the rich sources of dissolved electron acceptors prevent sulfate reduction and methanogenesis from being energetically favorable. The discovery of this ecosystem and the in situ biotic and abiotic processes occurring at low temperature provides a tractable system to study habitability of isolated terrestrial cryoenvironments (e.g., permafrost cryopegs and subglacial ecosystems), and is a potential analog for habitats on other icy worlds where water-rock reactions may cooccur with saline deposits and subsurface oceans.
The permanent ice cover of Lake Vida (Antarctica) encapsulates an extreme cryogenic brine ecosystem (−13°C; salinity, 200). This aphotic ecosystem is anoxic and consists of a slightly acidic (pH 6.2) sodium chloride-dominated brine. Expeditions in 2005 and 2010 were conducted to investigate the biogeochemistry of Lake Vida's brine system. A phylogenetically diverse and metabolically active Bacteria dominated microbial assemblage was observed in the brine. These bacteria live under very high levels of reduced metals, ammonia, molecular hydrogen (H 2 ), and dissolved organic carbon, as well as high concentrations of oxidized species of nitrogen (i.e., supersaturated nitrous oxide and ∼1 mmol·L −1 nitrate) and sulfur (as sulfate). The existence of this system, with active biota, and a suite of reduced as well as oxidized compounds, is unusual given the millennial scale of its isolation from external sources of energy. The geochemistry of the brine suggests that abiotic brine-rock reactions may occur in this system and that the rich sources of dissolved electron acceptors prevent sulfate reduction and methanogenesis from being energetically favorable. The discovery of this ecosystem and the in situ biotic and abiotic processes occurring at low temperature provides a tractable system to study habitability of isolated terrestrial cryoenvironments (e.g., permafrost cryopegs and subglacial ecosystems), and is a potential analog for habitats on other icy worlds where water-rock reactions may cooccur with saline deposits and subsurface oceans.
astrobiology | geomicrobiology | microbial ecology | extreme environment T he observation of microbes surviving and growing in a variety of icy systems on Earth has expanded our understanding of how life pervades, functions, and persists under challenging conditions (e.g., refs. 1-3). Studies of the physical characteristics, the geochemical properties, and microbes in ice (triple point junctions, brine channels, gas bubbles) have also changed our perceptions of the environments that may contain traces of, or even sustain, life beyond Earth [e.g., Mars (4), Europa (5) , and Enceladus (6) ].
Solute depression of ice crystal formation or solar radiation melting of water ice are key processes that provide liquid waterthe key solvent that makes life possible-within icy systems. Microbial communities in these conditions are often sustained by a supply of energy that ultimately derives from photosynthesis (present or past). The understanding of ecosystems based on energy sources other than the Sun comes mainly from realms where hydrothermal processes have provided reduced compounds necessary to fuel chemosynthetically driven ecosystems. Methane derived from thermogenic or biogenic sources can also support microbial communities in deep sea (7) and high arctic cold saline seeps (8) . More recently, discoveries of life and associated processes in deep terrestrial subsurface ecosystems (9) provide compelling evidence of subsurface life that in some cases is fueled by nonphotosynthetic processes. Our knowledge of geochemical and microbial processes in aphotic icy environments remains mostly unknown, however, especially at subzero temperatures.
Lake Vida is located in Victoria Valley, the northern most of the McMurdo Dry Valleys of East Antarctica (Fig. S1 ). Initial studies of Lake Vida's thick ice cover described a −11.6°C, wet, saline (estimated 245, practical salinity scale) ice at 15.8 m (10) . This brine has been isolated by the thick lake ice cover and underlying 800-970 m of permafrost (11, 12) , prohibiting input of ground water or of annual glacial melt and associated nutrients.
Brine Geochemistry. Lake Vida brine (LVBr) is anoxic, slightly acidic (pH 6.2), and turns from light yellow to dark orange upon exposure to the atmosphere as a result of ferric iron precipitation. NaCl is the dominant salt (salinity of 176-200 based on refractive index; ion concentrations) ( Table 1 and Table S1 ) with a water activity of 0.87, which limits life in LVBr to moderately halophilic organisms (15) . LVBr geochemistry was very similar in 2005 and 2010, revealing that the distinctive composition of the brine is quite stable with respect to time ( Table 1 and Table  S1 ). LVBr has high levels of reduced and oxidized forms of inorganic nitrogen (ammonia, 3,600-3,885 μmol·L ; ranges provided cover data for both 2005 and 2010 samples). High levels of inorganic nitrogen ions in the system are presumably derived from initial atmospheric precipitation on dry valley soils (16) . Subsequent glacial processes and weathering cycles likely resulted in the introduction of these N salts into Lake Vida during earlier ice-free stages of the lake. Dissolved inorganic carbon (DIC) levels are also high (61.2-72.3 mmol·L ) relative to lakes and oceans but similar to levels reported from the Taylor Valley, where the Blood Falls surface outflow of deep subsurface brine presents under Taylor Glacier as it enters the west end of Lake Bonney (17) (Fig. S1 and Table S1 ).
LVBr also contains high levels of dissolved gasses. Nitrous oxide is supersaturated (58.8-86.6 μmol·L (Table S1 ) (18) . A substantial amount of H 2 (10.5 μmol·L ) was detected in 2010 LVBr, the source of which is discussed below. Additionally, the carbon dioxide levels were also high (8.9 mmol·L
), in line with the high DIC levels. Stable isotope data provide insight into the origins of dissolved species and may reflect the extent of microbial activity. The δ 13 C-DIC values ranged between 1.44‰ and 2.68‰, suggesting a predominantly inorganic origin, although lack of pre-encapsulation data and unknown rates of internal DIC to dissolved organic carbon (DOC) cycling limits interpretation of these values. Although sulfate levels are higher than those of other dry valley lakes (58-66 mmol·L −1 ) (Table S1) (21) . The δ 2 H of H 2 in the brine is similar to expected values for production from radiolysis and microbial hydrogenase activity (−692‰ and −793‰, respectively) based on the isotopic composition of the water (Table  1) and fractionation factors for these processes (22, 23) . Microbial H 2 consumption has been shown to catalyze nonproductive H 2 -water exchange and drive the δ 2 H of H 2 toward isotopic equilibrium with water on a monthly time scale (24). The expected δ 2 H value for H 2 in equilibrium with Lake Vida water at −13.4°C is −850‰ (25) , which indicates isotopic disequilibrium. Isotopic equilibrium between H 2 and water is expected, however, to take between 1,000 and 10,000 y (22) , perhaps longer at the temperature of Lake Vida. Consequently, we conclude that H 2 in Lake Vida likely has an inorganic origin, radiolysis or serpentinization, and that microbial H 2 consumption and the passage of time have not been sufficient for the H 2 in Lake Vida to reach isotopic equilibrium. Thus, the isotopic composition of DIC, sulfate, N 2 O, and H 2 provide little to no indication of alteration by microbial processes and are largely consistent with inorganic origins. LVBr contains very high concentrations of iron (256-308 μmol·L −1 ) that are similar for the total and dissolved fractions (passing < 0.2-μm filter), suggesting that the majority of elements are in the dissolved state (Table S1 ). The metals, iron in particular, most likely originate from weathering of the pyroxene-rich dolerites dominating the landscape around Lake Vida (discussed below) (Figs. S2 and S3).
The DOC (48.3-64.7 mmol·L −1 C) levels were very high in LVBr, in which carbohydrates comprised a significant fraction (∼7%) of the 2010 LVBr DOC (9.56 ± 0.81 mmol·L −1 C; n = 6). (Table S2 ). The >1-kDa fraction has radiocarbon ages 2,955 ± 15 and 3,585 ± 20 y BP, somewhat older than the algal mat in the ice 12.8 m below the surface of 2,800 y BP (10), confirming the millennial scale of the age of encapsulation of the brine. The radiocarbon ages of the potentially more microbially recalcitrant DOM fractions are older, with LV-FA and LV-TPIA fractions (10% and ∼8% of the DOM, respectively) having similar radiocarbon ages at ∼4,000
14 C y BP, suggesting that the > 1-kDa fraction may include a greater proportion of younger DOM produced in the brine (Table S2) .
Microbial Abundance, Activity, and Diversity. Microscopic observation using fluorescent nucleic acid targeted stains (DAPI and SYBRGold) revealed stained particles in the size class of typical aquatic bacteria (>0.2 to 1.0-μm diameter) at a cell density of 0.1-0.6 × 10 6 mL −1 and a second class of particles (≤ 0.2-μm diameter) that are almost two orders-of-magnitude more abundant (∼49-60 × 10 6 mL −1 ). Scanning electron micrographs showed doublets of particles in both size classes (potentially dividing cells) and many cell clusters (two or more) connected with strands of an uncharacterized extrapolymeric substance (EPS), particularly for the small-size class (Fig. 1) . EPS production, a cellular response to low water activity and temperature (27) , could be a significant contributor to the accumulated DOC (the carbohydrate fraction in particular) in LVBr, where DOC concentrations are 20-fold greater than in the bottom waters of other lakes of the dry valleys.
Assays for 3 H-leucine incorporation indicate that the bacterial assemblage synthesizes proteins under anoxic conditions at −12 to −13.4°C (for the 2005 and 2010 experiments, respectively) ( Table 2 ) at very low rates. Protein synthesis is enhanced threeto fivefold at 0°C, and slightly depressed-yet still significantly above killed controls-in the presence of an aerobic headspace (at 0 and −12 or −13.4°C).
Small subunit (SSU) rRNA gene surveys conducted with the 2005 LVBr revealed the presence of 32 unique sequences (of 154 total; 0.01 distance) distributed across eight bacterial phyla (Proteobacteria, Lentisphaera, Firmicutes, Spirochaeta, Bacteroidetes, Verrucomicrobia, TM7, and Actinobacteria) (Fig. 2) . Several phyla were not previously observed in high salinity systems (e.g., the Epsilonproteobacteria, Verrucomicrobia, TM7, and the deep-branching Lentisphaera group) (28) . In addition, surveys of complementary SSU rRNA (crRNA) led to the detection of rRNA, from which biological activity can be inferred for 8 of these 32 LVBr sequences (Figs. S4 and S5 ). Psychrobacter sp. and Marinobacter sp. affiliated Gammaproteobacterial SSU rRNA gene sequences dominate the environmental gDNA-derived SSU rRNA gene clone library (39%) and crRNA results (Fig. 2, and Figs. S5 and S6). Several strains of these two Gammaproteobacteria species were cultivated under aerobic isolation and anaerobic enrichment (N 2 atm) in our laboratory as well as under aerobic isolation in a separate laboratory (Fig. S5) (29) . Similarly, Epsilonproteobacteria, which form the second-most abundant subgroup detected in the Proteobacteria phylum (16%), also have strong crRNA signals in the denaturing gradient gel-electrophoresis profile (Fig. S4 ). Environmental representatives of this class, best known from deep sea habitats, grow heterotrophically, chemolithoheterotrophically, and chemolithoautotrophically using both Calvin-Benson cycle and reductive tricarboxylic acid (TCA) cycle-based CO 2 fixation coupled to sulfur oxidation (30) . The closest cultivated relative (i.e., Sulfurovum sp.; 95% sequence Experimental duration (d) is listed following experiment designation, and experimental conditions including incubation atmosphere and temperature are listed in the columns. **P < 0.01, *P < 0.05 Mann-Whitney U test.
"NA" indicates these experiments were not conducted. Killed control values (overall average of 266 ± 94 dpm for 2005 LVBR and 190 ± 67 for the 2010 LVH2b) were subtracted from the values reported (n = 4-6).
identity) of the LVBr Epsilonproteobacteria also uses H 2 as an energy source (31) . We also detected a unique, abundant group (15%) of SSU rRNA gene sequences with no close cultivated relatives and branching deeply within the Lentisphaera phylum (Fig. 2) . The presence of diverse members of the Firmicutes (11% of the SSU rRNA gene library), which can grow by fermentation, was supported by detection of low numbers of germinable endospores (800 spores/ L −1 out of a total of 200,000 spores/L
−1
). Another fermentationcapable group, free-living pleiomorphic spirochaetes isolated from anaerobic environments and enrichment cultures (32) , are the closest relatives (97% sequence identity) of LVBr Sphaerochaeta sp. SSU rRNA gene sequences (7% of the SSU rRNA gene library). The Bacteroidetes-associated SSU rRNA gene sequences (9% of the SSU rRNA gene library) harbored the greatest diversity and were related in several cases to sequences detected in other Antarctic studies (33) (34) (35) . PCR surveys to detect eukaryal and archaeal SSU rRNA genes from genomic DNA were negative. The lack of detection of an archaeal signal is noteworthy because many comparable cold briny habitats contain significant, diverse archaeal populations (e.g., refs. 36 and 37). LVBr contains such high levels of resources (inorganic and organic) that methanogens, nearly always found in nutrient depleted systems, are not expected to be significant constituents of the assemblage. Consistent with this finding, methane was not detected in 2005 LVBr, and trace levels (50 nM) were detected in 2010 (Table 1 and Table S1 ).
The LVBr microbial assemblage is distinct from those of other saline lakes of the McMurdo Dry Valleys, such as Lake Bonney (33) and other Antarctic lakes of the Vestfold Hills (36), as indicated by Fig. 2 . The evolutionary relationships of LVBr (♦) bacterial SSU rRNA gene sequences, related environmental clones, and cultured isolates were inferred using minimum evolution, and distances computed using maximum composite likelihood. The number of LVBr sequences with distance ≤0.01 are shown following the clone identifier in parentheses. Symbols designate libraries used in comparative analyses (Lake Vida Ice, LVI ♢; East Lobe Lake Bonney, ELB, ▪; West Lobe Lake Bonney, WLB, □; Oil sands tailings pond, OSTP, ▲; Gypsum Hill and Color Peak, GH/CP, △, oil-contaminated soil, PIT, ▽; Canadian biodegraded oil reservoir, PL, •; Svalbard sediments SVA, ○; Blood Falls, BF, ▼) (see Fig. S6 for principle components analysis). There were a total of 1,020 positions in the final dataset; 1,000 bootstrap trees were calculated and the consensus tree is shown.
principle components analysis ( Fig. S6A and Table S3 ). The LVBr microbial assemblage is most similar to that inhabiting the subglacial brine of Blood Falls and, as expected, the deeper portion of the Lake Vida ice cover (35) (Fig. S6) , where representatives of the Marinobacter genus, known to have denitrifying capabilities, are dominant. Phylogenetically, the LVBr assemblage can be distinguished from those of the Lake Vida ice samples and Blood Falls brine because it contains several exclusive phylotypes, including a sizeable Epsilonproteobacteria group (P = 6.90 10 −9 ) and a cluster of Lentisphaera-related sequences (P = 6.05 10
−7
). Additionally, the LVBr assemblage harbors Spirochaetes and many Clostridiumrelated sequences unlike those of the Blood Falls brine and Lake Vida ice cover. These unique organisms and their associated metabolisms (e.g., H 2 utilization, EPS production, and fermentation) may hold clues to the functional ecology of the brine ecosystem.
Brine Geobiology and Ecosystem Function. The abundance and diverse redox states of compounds found in LVBr raise the question of resource supply and sustenance if the ecosystem is truly encapsulated. Could the life we observe be dependent on the organic inventory accumulated in the lake water before encapsulation? By scaling reaction rates for different types of biodegradable organic matter (e.g., ref. 38) to low temperatures in the brine, the timescales for exponential decay of an initial organic inventory in Lake Vida are on the order of several hundred to a few thousand years. Thus, given the timing of biodegradation and the millennial scale of the age of the sealed system, ∼3,000 14 C y at a maximum based on DOC 14 C-dating presented here, we would expect that LVBr should be in the final stage of decomposition, and the microbial processes would likely be dominated by methanogenesis, or a mixture of sulfate reduction, H 2 -generating fermentation, and methanogenesis. In contrast, we observed in LVBr a complex geochemistry with enormous amounts of dissolved metals, inorganic and organic carbon, N 2 O, and H 2 , as well as large amounts of both reduced and oxidized forms of dissolved nitrogen, together with a microbial assemblage that is potentially capable of metabolisms ranging from denitrification to chemolithoautotrophy and fermentation, and if present, only very low levels of methanogenesis, as inferred from detection of SSU rRNA genes and SSU rRNA. Thus, the geochemistry and microbial complement of LVBr are more indicative of (i) an ecosystem that receives an influx of energy, other than sunlight, but without a significant influx of mass, or (ii) a system that is severely limited by temperature, some limiting (micro)nutrients, or a combination of the two.
Next, we considered the LVBr system itself. The carbon inventories are high but do not appear to be significantly modified by the microbial processes. Support for this inference is provided by DIC and biomass production, which when converted to a rate of respiration, indicates that the δ 13 C-DIC value would have only shifted by 0.002‰ in response to 2,800 y of respiration (assuming that respiration is equal to production, the leucine incorporation rate was converted to biomass production; e.g., 3.1 10
·d −1 using vales of 1.5 kg C/mol and 10 fg C/cell) (39) . This production rate results in a generation time averaging 120 y, which slightly exceeds the predicted value for maintenance metabolism at the LVBr temperature (40) . Therefore, it is plausible that low heterotrophic metabolic rates could be supported by autochthonous resources.
Alternatives to the decomposition and metabolic scenarios may exist but are currently poorly understood. For example, a recent study of Blood Falls subglacial brines (17) proposed a coupled sulfate-iron (III) reduction cycle that occurs catalytically to oxidize organic matter and regenerate sulfate because of low DOC concentrations (> 100 times lower than in LVBr). This possible path may explain the absence of sulfides in LVBr, but is clearly discordant with the high concentration of DOC, and the lack of sulfur intermediates observed. Another study conducted with soils near the hypersaline (>600), ice-free Don Juan Pond of a neighboring dry valley, demonstrated that abiotic rock-brine reactions, akin to serpentinization, produce copious amounts of H 2 and N 2 O via coupling of oxidation of Fe 2+ -rich minerals of dolerite, with reduction of nitrite and nitrate to nitrous oxide (21) . Although Don Juan Pond does not support life because of low water activity, there are several parallels between the abiotic reaction proposed and LVBr geochemistry. There are two major sills of the Ferrar dolerite in Victoria Valley (41) that could contribute iron-rich minerals to the LVBr cryoecosystem (Figs. S2 and S3) as a result of weathering and erosion during successive glacial periods, leaving dolerite clasts over most of the Victoria Valley floor (Fig. S3) (41) . The high levels of dissolved nitrogen species, N 2 O and H 2 are also consistent with abiotic production.
One implication of abiotic H 2 production is that it could provide energy to this closed system to facilitate metabolism, either autotrophically or as a supplement to heterotrophic metabolism. The lack of isotopic equilibrium between the H 2 and the water argues for little biological contribution to H 2 , but cannot discount biological H 2 production completely. Similarly, H 2 can be used by many organisms as an energy source (42) , several groups of which were detected by 16S rRNA gene-sequence analysis (i.e., members of the Firmicutes and Bacteroidetes phyla). Additionally, active and distinctive components of the LVBr microbial assemblage, such as Thiovulgaceae-associated Epsilonproteobacteria, are able to use the H 2 lithoautotrophically or lithoheterotrophically (30) . Both DNA and crRNA data indicate that these organisms are well represented, active, and unique to Lake Vida in comparison with other Antarctic lakes, although whether they are using H 2 is currently not known.
Conclusions. Lake Vida is an ice-bound system that was presumably isolated with solar-derived organic carbon and coincident microbial life and that has survived for millennia since isolation. The high levels of electron acceptors (i.e., NO 3 − ) and a slow rate of metabolism, near maintenance level, prevent biogeochemical processes within the encapsulated system from depleting energetic reserves and from going down the redox couple ladder toward sulfate reduction and methanogenesis. The high levels of dissolved and gaseous nitrogen compounds, Fe and H 2 , suggest that serpentinization-like reactions may also occur in LVBr. With the LVBr H 2 levels as high as they are, regardless of their source (abiotic or biogenic production), this H 2 could at least supply readily utilizable energy to combat depurination and racemization processes in this harsh ecosystem (42) . LVBr microbial life is reasonably diverse, maintains cellular rRNA, and retains the ability to synthesize proteins at very low levels. We contend that metabolism in this encapsulated brine ecosystem may last for a prolonged period, well in excess of its ∼2,800 y of existence.
Materials and Methods
Field Sampling Campaign. Expeditions to Lake Vida resulted in successful extraction of ice cores (16.5 m in 2005, 20 and 27 m in 2010) and collections of brine that entered the borehole at a depth of ∼16 m (see Table S1 for station coordinates). We followed a carefully designed sampling approach in both field campaigns to ensure clean access (14) . We collected LVBr from within the borehole using sterilized submersible pumps (SS Monsoon, Waterra) and sterile polytetrafluoroethylene tubing (14) 4 quantification, in addition to other low molecular-weight organic compounds, in 2010 LVBr is described in SI Materials and Methods. The concentration and isotopic fractionation of H 2 dissolved in the 2010 LVBr samples was determined using headspace equilibration and mass spectrometry (SI Materials and Methods).
Microbial Analyses. Bacterial cells were observed in glutaraldehyde-preserved (0.1% vol/vol) brine that was stained with either DAPI or SYBRGOLD (Invitrogen) and then filtered onto both 0.2-and 0.02-μm pore-size polycarbonate and aluminum oxide membrane filters (Whatman Anodisc), respectively, followed by epifluorescent microscopic detection and enumeration. Endospore viability assays based on dipicolinic acid triggered terbium ion (Tb 3+ ) luminescence was used to enumerate the germinable and total concentrations of endospores in LVBr (44) . Cell preparations on 0.2-μm pore-size polycarbonate filters also were also visualized using scanning electron microscopy using a cold field emission Hitachi S-4700-II Scanning Electron Microscope.
Leucine incorporation was evaluated by incubating 5 mL of brine (five biological replicates with two technical replicates for each sample) with 3 H-labled leucine (20- ) and the liberated CO 2 was cryogenically separated on a vacuum extraction line, with DIC concentrations measured via digital manometer. Samples were analyzed on a dual inlet Thermo Finnigan Delta Plus XL mass spectrometer. Samples for DIC concentration and isotope analyses collected in 2010 were analyzed using a method closely following that of Salata et al. (1) . In this approach, 100 μL of LVBr were injected into evacuated 10-mL serum vials containing 100 μL of concentrated H 3 PO 4 (∼100%). After > 24 h of equilibration, vials were brought to atmospheric pressure with pure N 2 and 150 μL of the headspace was analyzed using a TraceGas System interfaced to an Isoprime mass spectrometer. Values are reported in δ notation relative to Vienna Pee Dee Belemnite (VPDB). The mass spectrometer has an analytical precision of 0.1‰. No mineral phase fractionation factors were applied. C-isotope values are reported with respect to the international standard, VPDB.
Inorganic Nitrogen and Sulfur Analyses. In addition to dissolved nutrient determinations described in the main text for samples collected in both expeditions, we determined oxidized intermediates of sulfur and isotopic compositions of N and O (from nitrate), N from ammonium, and S for the LVBr samples collected in 2010. The isotopic composition of nitrate was determined by steam distillation and microbial reduction method (2). The isotopic composition of ammonium was analyzed using the acidified disk method described by Holmes et al. (3) . N and O isotope values determined using an Elementar Isoprime are reported with respect to the international standards Air and Vienna Standard Mean Ocean Water (VSMOW), respectively.
Sulfur intermediate analyses were performed on samples preserved in a gas-tight glass syringe that was flash-frozen and kept at −78°C wrapped in foil until analysis on a Dionex Ion Chromatograph System (IC-2000) and were separated using an IonPac AS17-C column with KI eluent to separate different sulfur species.
To determine sulfide levels, samples were measured using CdCl 2 precipitation and sulfur (δ 34 S) isotope values measured on a Finnigan Mat 252. Specifically, LVBr was loaded into 60-mL syringes with 10 mL of 1.5 M CdCl 2 solution to precipitate any free sulfide as cadmium-sulfide (CdS). LVBr syringe samples were first filtered onto 0.4-μm glass fiber filters to trap any precipitated CdS and any particulates in the brine. Sulfate was recovered from the LVBr filtrate by bringing the brine sample to pH ∼3 and adding an excess of 0.2 M Ba(NO 3 ) 2 solution to precipitate dissolved sulfate as BaSO 4 . The BaSO 4 was rinsed and centrifuged multiple times with ultrapure water to remove chlorine, and then dried overnight at 80°C before isotopic analysis. The filtered residue from LVBr samples was first reacted with hot 6N HCl for 3 h in a N 2 -purged flask, following methods of Brüchert and Pratt (4) . Flowing N 2 carried evolved H 2 S, from monosulfide decomposition, through a buffer solution (0.1 M citrate solution adjusted to pH 4) into a 0.1 M AgNO 3 solution where it was precipitated as Ag 2 S. The Ag 2 S precipitate was then filtered, rinsed, and dried onto a baked 0.22-μm quartz-fiber filter that was saved for isotopic analyses. Finally, the remaining acid-insoluble residue was reacted with mixture of ∼40 mL of 12 N HCl and ∼40 mL of 1.0 M chromous chloride (CrCl 2 •6H 2 O) in a N 2 -purged extraction flask and evolved H 2 S from any polysulfides was precipitated as Ag 2 S (see description above). No measurable sulfide was recovered from either the mono-or polysulfide extractions in any of the LVBr samples.
Sulfur (δ 34 S) isotope values were measured (on a ViennaCanyon Diablo Troilite scale) using a Carlo Erba Elemental Analyzer (EA1110) coupled to a Finnigan Mat 252 isotope ratio mass spectrometer via a ConFlo II split interface in the Stable Isotope Research Facility at Indiana University. Analytical reproducibility was better than ±0.13‰ (1 σ) for standards and duplicate samples.
Elemental Analysis. All sample and standard preparation was performed under class 100 clean-room conditions using trace metal clean techniques. The 2005 LVBr samples were acidified to pH < 2 with ultra-pure nitric acid (HNO 3 ), stored for > 2 wk, and diluted to a salinity of < 1‰ with 1% HNO 3 (prepared with > 18 mΩ ultrapure water) before analysis. Isobaric interferences were resolved using multiple resolution settings (nominally m/Δm ∼400, 4,000, and 10,000). The instrumental response was quantified, after normalization to an indium internal standard, using external standards (NIST traceable). Multiple method blanks and test standards (Environmental Protection Agency drinking water Quality Assurance Protocol solutions) were analyzed for quality control purposes. Brine samples collected in 2010 were analyzed for total and dissolved (<0.2 μm, Steriltech silver membrane) elements. Triplicate total samples were prepared by nitric and hydrofluoric acid digestion using a block heater and microwave digestion. Both total and dissolved samples were diluted with 1% HNO 3 spiked with an indium internal standard. These samples were analyzed by high-resolution inductively coupled plasma mass spectrometry at the University of Tasmania under similar conditions to the 2005 samples with the exception that the guard electrode was deactivated to minimize isobaric interferences on some isotopes (e.g., Cd; following ref. 5). Quantitation of these samples was also by external calibration with NIST traceable standards (Gaithersburg, MD). The method accuracy was verified through the analysis of the NIST 1640 "Trace Elements in Natural Water" standard reference material. Samples analyzed by the "total recoverable" acid digestion and dissolved analytical methods were comparable. This result is likely because of the high fractional solubility of elements in the brine samples.
Volatile Hydrocarbon and Dissolved Gas (N 2 O and H 2 ) Analyses. The procedures for analysis of the 2010 LVBr samples included analyses to detect a broader spectrum of gases than for the 2005 samples (including hydrogen) in addition to a different approach for N 2 O determinations. A custom-designed gas chromatograph with FID/TCD detectors (analyses conducted at Microseeps) was used in determinations of CO 2 , CH 4 , C 2 H 6 , and C 2 H 4 . The detection sensitivity of CO 2 was 0.11 mM and for hydrocarbons detected (CH 4 , C 2 H 6 , and C 2 H 4 ) were 6.2, 0.83, and 0.89 nmol·L for C 2 H 2 and 1.0 mg/L −1 for CO). The N 2 O concentration was determined based on the m/z 44 ion beam intensity produced within a mass spectrometer during isotopic analysis (Elementar Isoprime). Before introduction on to the mass spectrometer, N 2 O was purified using a Trace Gas system (Elementar) that involved quantitatively stripping of N 2 O from 100 mL of LVBr under He flow, water, and CO 2 removal using chemical scrubbers (magnesium perchlorate and Carbosorb, respectively), then the gas was chromatographically separated on a Porapak Q column (6, 7) .
For the H 2 and N 2 determinations ∼150 mL of LVBr was introduced to evacuated glass bottles (300 mL) and equilibrated for 8 h at room temperature (8) . Water was then removed by vacuum and sample gases introduced to an evacuated 3-mL gas sampling loop interfaced to a mass spectrometer (Elementar Isoprime) with magnesium perchlorate in-line for water vapor removal. H 2 and N 2 was then chromatographically purified using a molecular sieve 5 Å column under He flow and concentration determined from the m/z 2 ion beam intensity for the H 2 ; concentrations were not determined for the N 2 (9) . The stable isotope values for N 2 and H 2 are in reference to air and VSMOW, respectively.
Dissolved Organic Carbon Methods. DOC in LVBr was quantified using high temperature oxidation on a Shimadzu Total Organic Carbon (TOC) analyzer with a nonpurgeable organic carbon (NPOC) method (10) . Carbohydrate concentration of the 2010 brine averaged over six replicates was measured after Dubois et al. (11) using pullulan (a soluble linear glucose polysaccharide; Sigma) as the standard.
To characterize various fractions of DOC, LVBr was serially diluted to the point in which the last two samples were below the chloride interference threshold (12) based on anion chemistry data. Average values for the last two samples were reported. Fractions of dissolved organic carbon (DOC) were then isolated and characterized by acidifying two 1-L samples of LVBr to pH ∼2, diluting the LVBr (factor of 40) followed by a two-step filtration procedure. Diluted brine was partitioned into four fractions on XAD-8 and XAD-4 resins (13), separating fulvic (FA) and transphilic acid (TPIA) fractions, respectively followed by tangential flow ultra-filtration (TFUF; 1-kDa membrane) of the column effluent to concentrate the > 1 kDa fraction, which also results in a low molecular weight, permeate fraction (TFUF permeate). The FA, TPIA, and > 1 kDa fractions were analyzed with fluorescence spectroscopy and freeze-dried for downstream analysis (14) . δ13C-DOC and radiocarbon ( 14 C) ages of the six Lake Vida DOM fractions were prepared at the University of Colorado at Boulder's radiocarbon laboratory (NSRL) and analyzed by accelerator mass spectrometry (AMS) at the University of Arizona AMS facility according to Stuiver and Polach (15) .
Additional Microbial Activity Assays. Additional measures of heterotrophic bacterial growth were attempted via an evaluation of thymidine and acetate incorporation and respiration at 0 and −12°C with an ambient atmosphere headspace [incubating with 20 nM 3 H-labeled thymidine for 54.5 h, extraction with cold 5% tricarboxylic acid (TCA), and filtering (16) and 10 mM 14 C-labeled acetate for 65.5 h, extraction with cold 5% TCA, and filtering] in 2005. Although thymidine incorporation and acetate values were higher than formalin-killed controls, the difference was not significant (Mann-Whitney test). Similarly, acetate respiration values were not different from formalin-killed controls. Thymidine incorporation assays conducted with the 2010 LVBr samples were run in parallel with the leucine incubations (17) under N 2 atm at 0 and −13.5°C for 6-16 d, and again, significant levels of incorporation indicating DNA biosynthesis were not detected.
Microbial Cultivation. LVBr was transferred from anoxic bottles at the Desert Research Institute under an N 2 atmosphere to an ambient atmosphere, where it was used to inoculate various media under aerobic or anoxic and cold (0-3°C) conditions. Halophilic broth (HB) and R2A (a freshwater heterotrophic media) did not produce evident growth after one month, whereas standard Marine Broth (DIFCO) yielded growing mixed cultures. Isolates were obtained by directly plating brine on Marine Agar (DIFCO) and incubating at 0-3°C. Colonies (appearing after 2 wk) were isolated through subsequent streaking (3× per colony). DNA was extracted from isolates following standard procedures (18) , the small subunit (SSU) rRNA gene was PCR-amplified using bacterial primers (27F and 1492R), purified (Qiaquick; Qiagen), and sequenced at the Nevada Genomics Center, Reno, NV. Representatives were archived in 10% glycerol.
Anaerobic enrichment media stock (10 mL per tube) was prepared using a hungate station in which LVBr was diluted deionized water (50% LVBr), degassed, and sterilized, and the headspace was filled with N 2 (19) . Fifteen millimolar malt extract (final concentration) or 0.2% Casein extract (ICN Biomedicals) and 0.01 mL of Wollin's Vitamin Solution (American Type Culture Collection) were injected into sealed Balch tubes just before inoculation. This media was inoculated with 1.1 mL anoxic brine and incubated in the absence of light at −2°C or 10°C for 9 mo. SSU rRNA gene sequences (Enrichment-D2, B11, C3, C6, C10, and C12) were obtained from a clone library (method described below) derived from DNA harvested from organisms grown with the 15 mM malt extract. SSU rRNA gene sequence derived from −2°C Enrichment-E3 was obtained from organisms grown in enrichment culture with 0.02% Casein at 10°C. DNA was extracted (DNeasy Blood and Tissue kit; Qiagen) from 2-mL enrichment culture aliquots that were concentrated to 30 μL (Vivaspin; Sartorius). (22); Bacteria using 27F and 1391R (23); and Eukarya using Euk1A and 1520R (24) . A strong band in the bacterial amplification was detected, but no archaeal or eukaryal signals were observed. The bacterial SSU rRNA gene library was constructed using the the products of eight PCR reactions amplified with Bact27F and Univ1391R (25 cycles each) that were pooled then ligated into the PCR4TOPO vector (Invitrogen) and transformed into Escherichia coli cells in LB with 100 mg/mL −1 ampicilin and kanamycin. Purified DNA (Millipore) with inserts of the correct size were sequenced bidirectionally on an AB 3100 automated sequencer (Applied Biosystems). Sequences were assembled using Sequencher (GeneCodes). Sequences were checked for chimeras using three on-line tools Bellepheron (25) (http:// greengenes.lbl.gov/cgi-bin/nph-bel3_interface.cgi), CheckChimera (26) , and pintail (www.bioinformatics-toolkit.org/Web-Pintail/).
Comparative phylogenetic analyses were performed with SSU rRNA gene sequence datasets from polar lakes and streams, brines, sea ice, and other sites with sequences in common to the LVBr community. Analyses presented here include 15 datasets where nearly full-length SSU rRNA gene sequences were available (Table S3) . Datasets were downloaded from GenBank and aligned using the nearest alignment space termination alignment tool (27) . Distance matrices were generated individually for each library, and DOTUR (28) was run to generate nonredundant datasets for each library with all sequences represented at a distance of 0.01. Overlapping regions between all libraries (460 sequences) provided an alignment with a minimum of 1,188 base pairs. Neighborjoining trees using pair-wise deletion were calculated in MEGA (v4) (29) . UniFrac (30) was used to calculate statistical comparisons among the libraries.
The evolutionary history of LVBr nearly full-length SSU rRNA gene sequences was inferred using the minimum evolution method (31) and 1,000 bootstrapped trees. Evolutionary distances were computed using the maximum composite likelihood method (32) and are in units of the number of base substitutions per site, the complete deletion option was used. There were a total of 1,020 positions in the final dataset. Neighbor-joining analysis (29) was used to generate the phylogenetic tree to characterize relatedness between crDNA and culture sequences, using MEGA4 based on 209 aligned positions, in which 1,000 bootstrap values were calculated.
Four libraries with nearly full-length sequences and published evenness data [LVBr, Lake Vida ice cover at 4.8 and 15.9 m (LVI_4_8, LVI_15_9) and the surface outflow of Blood Falls brine] were compared using weighted abundances to further investigate specific associations between these environments with similar microbial communities (and physical proximity). Neighbor-joining trees were calculated using complete deletion (144 unique sequences of 546 redundant sequences were compared with 1,255 bases) (30) Millipore) , then stored at 4°C overnight, frozen at −20°C. RNA was extracted using a Totally RNA kit (Ambion) following the manufacturer's instructions. Total RNA extracts were subjected to two rounds of DNase (Ambion) followed by purification with phenol:chloroform following standard procedures. PCR-denaturing gradient gel electrophoresis (DGGE) was used to compare reverse-transcribed SSU rRNA (crRNA) and SSU rRNA gene profiles (33) in which crRNA was first reverse-transcribed with superscript III using a 1:1 mixture of hexamers (300 ng/μL −1
) and Univ1391R. Negative control PCR reactions were run with total RNA to check for DNA contamination in the RNA. One microliter of the crRNA product was used in PCR with GC-clamped primers GC358F and 517R (10 pmol each). A crRNA clone library was also prepared with the same cDNA (1 μL) using primers 358F-1391R to amplify the crRNA, which was then cloned into TOPO PCR4 vector (Invitrogen) following standard conditions. Sequencing proceeded as described above. . PCR-DGGE analysis of Lake Vida DNA, reverse-transcribed RNA (crRNA), and cloned bacterial SSU rRNA gene sequences. The crRNA, an indicator of biologically active organisms, was PCR-amplified with the same primers as for the DNA (lane 5). Selected cloned SSU rRNA genes from Lake Vida brine were included in the analysis to assign identities to comigrating bands, (identified with symbols: lane 1 clone LVBR10cG04, an uncultivated Lentisphaera-related bacterium (same as LVBR10aD09, GQ167314.1); lane 2 clone LVBR10cE03, related to uncultivated Marinobacter clone ELB25-092, DQ015769.1, # (same as LVBR10aG09 GQ167320.1, and LVBR10cA05, GQ167307.1); lane 3 clone LVBR10cF06, a Sphaerochaeta-related strain,^(same as LVBR10bB02, GQ167322.1); lane 11 clone LVBR10cD03, an uncultivated Psychrobacter-related bacterium, * (same as LVBR10cG07 GQ167313.1); lane 12 clone LVBR10cA08 (GQ167319.1), an uncultivated epsilonproteobacterium, >; and lane 13 clone LVBR10cA04, related to an uncultivated flavobacterium, < (same as LVBR10cF01, GQ167312.1). DNA extracted from four brine samples was analyzed in independent lanes (6, (8) (9) (10) . As a negative control for the RT-PCR, RNA that was not reverse-transcribed was amplified in the same manner as the other reactions to verify that amplification in the RT-PCR product was from cDNA and not contaminating DNA (lane 4). Lane 7 is empty. Bands excised and sequenced along with nearest neighboring sequence are indicated with letters: "a," LVBR2ERNA-4, an uncultivated Sulfurovum-related epsilonproteobacterium, GQ167343; "b," LVBR2B-2, uncultured Psychroflexus bacterium, GQ167344. . Neighbor-joining phylogenetic tree of Lake Vida SSU rRNA and rRNA gene sequences derived from cultivated isolates, anaerobic enrichments, cloned crRNA, cloned DGGE bands (Fig. S4) , and cloned rRNA gene sequences. Symbols indicate source of the sequence. The Marinobacter and Psychrobacter genera both were well-represented in cultivation-based, crRNA and PCR-amplification approaches suggesting that they are active in LVBr. An asterisk indicates sequence with comigrating crRNA-derived DGGE band. Table S3 for accompanying sample and library data). The first and second principle components explain 10.53% and 8.04% of the variance, respectively. (B) Closely related libraries (BF, LVBr, and LVI surface at 4.8 m and deep ice at 15.9 m) were clustered with weighted abundances (evenness), branches were normalized to account for different rates and compared using the jackknife statistic. Values at the nodes are percentages of 1,000 iterations. Table S1 . Cont. Initial determinations were conducted with 0.45 μm filtered brine before column chromatography and TFUF. DOC was partitioned into FA, and TPIA fractions, followed by TFUF of the column effluent which yielded a > 1 kDa retentate fraction and a < 1 kDa permeate fraction. SUVA 254 is the carbon normalized UV absorbance at 254 nm, which is an indicator of aromaticity. The percent carbon of each fraction was determined by mass balance using dissolved organic materials (DOM) concentrations and fraction volumes. The fluorescence index (FI) is the ratio of the emission intensities at 470 nm and 520 nm when excited at 370 nm and is an indicator of DOM origin. 14 C data were derived using the prepared DOM fractions.
